Performance records were analyzed for 1,869 purebred Duroc and Yorkshire gilts tested in littermate groups of two to four pigs in 703 pens. Traits studied were average daily gain during a standard test period from 56 d of age to 90.7 kg (ADG), average daily feed consumption during the test period (ADF), average backfat thickness (ABF) measured from polaroid photos of ultrasonic scans at 90.7 kg and efficiency of feed conversion for the whole test period (feed conversion efficiency, FCE). The main objectives were: 1) to estimate pertinent genetic and phenotypic parameters and 2) to discuss applications of the findings to the swine industry in the United States. A balanced 16% crude protein diet in pelleted form was provided ad libitum during the entire test period. Nested analyses of variance were computed with both the individual and pen mean records. Sire components of variance and covariance, adjusted for level of inbreeding, were used to estimate heritabilities and genetic and phenotypic variances, covariances and correlations. Heritabilities estimated from individual records were .098 for ADG and .423 for ABF. Estimates from pen means were .105 for ADF and .061 for FCE. Generic correlations of FCE with ADG, ADF and ABF were estimated as -.520, -.520 and .694, respectively, while phenotypic correlations for the same traits were -.240, .570 and .212, respectively, all from pen means. Genetic and phenotypic correlations of ADG with ABF from individual records were. 176 and .254, respectively. Implications for swine testing programs were discussed, including a proposal that would include FCE indirectly in an index with ADG and ABF, based on genetic covariances of FCE with ADG and ABF, thereby removing the need to measure FCE directly. (Key Words: Feed Conversion Efficiency, Pigs, Performance Traits, Genetic Parameters, Selection Criteria.)
I ntroduction
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Received April 29, 1985 . Accepted November 11, 1985 gain) ranks high in efforts to reduce costs of production. Feed conversion efficiency can relate either to the efficiency of the full lifecycle of production or to its major components, reproductive efficiency and efficiency of growing-finishing performance. This report concerns the role of genetics in improving FCE in growing-finishing performance of swine. Achieving genetic improvement in FCE depends mainly on the use of reliable estimates of pertinent genetic and phenotypic parameters in evaluation and selection programs. The literature contains conflicting reports on estimates of these parameters. For example, heritability of FCE varied from .08 (Lush, 1936) to .57 (Dickerson, 1947) . More recent estimates of realized heritability from selection studies were very low, including .11 (Bernard and Fahmy, 1970) , .09 (Jungst et al., 1981) and .007 (Webb and King, 1983 The main objectives of this study were: 1) to estimate pertinent genetic and phenotypic parameters for swine performance traits and 2) to relate the findings to swine improvement programs in the United States.
Materials and Methods
Animals and Management. Performance records for animals included in this report were part of an ongoing selection study at the USDA Beltsville Agricultural Research Center. Foundation animals were purchased from established Duroc and Yorkshire breeders in 1973. Initial litters were farrowed from late February through April (spring) of 1974. Repeat matings produced second litters from late August through October (fall) of that year. Purebred litters were produced again in spring and fall of 1975 from 1-yr-old gilts. Boars and gilts farrowed in 1975 were randomly allocated from full-or half-sib groups either to the select or to control lines of their particular breed. Separate closed purebred lines were then maintained within season and breed for the duration of the periods providing data for this study.
A new generation was produced each year in all lines of both seasons. Sows farrowed at an average age of 12 mo except in fall of 1974, when the average age was 18 too. Matings were planned to maintain a low, uniform rate of inbreeding of about 2% per generation in all lines. Estimated litter inbreeding averaged about 14% in each of the four lines in spring of 1982, the last season providing data for this study. Over all data included here, inbreeding averaged 5% f6r parents and 6% for progeny.
Litters were weaned at 42 d of age. Performance tests extended from 56 d of age to a final weight of 90.7 kg for all boars and gilts tested in both seasons. All pigs were fed ad libitum a balanced 16% crude protein diet in pelleted form during the test. Feed wastage was checked daily and any feed spilled on the floor was either replaced in the self-feeder or collected in containers in each pen, weighed periodically and deducted from the total weight of feed charged to that pen. Gilts were grouped two to four littermates/pen, with boars grouped either four or eight/pen, mostly from different litters within a breed. (See Bereskin, 1983 , 1984 for further details.)
Traits and Data. Only records for gilts were analyzed, due to the grouping of littermate gilts in test pens to allow a genetic analysis of average daily feed consumption (ADF, kg/d) and FCE during a standard test period. Also analyzed were average daily weight gain (ADG, kg/d) and average backfat thickness at 90.7 kg (ABF, cm), measured from polaroid photos of ultrasonic scans at the first and last ribs and last lumbar vertebra. Scans were made with the Scanogram instrument 3. Backfat was measured along the midback for reasons of accuracy of reference points in the scan photos. Actual ADG was adjusted for differences in on-test weight within sex and year-season, as follows: adjusted ADG, kg/d = actual ADG, kg/d -.007 (pig on-test weight, kg -group average on-test weight, kg). The regression coefficient (.007) was derived from an unpublished analysis of Beltsville data with a model that also included the effects of breed, year-season and sex on actual ADG, with over 700 degrees of freedom (df) for error.
The distribution of numbers of test pens among year-seasons and between breeds is shown in table 1. Numbers of tested pens for select and control lines after 1974 were pooled within breeds for the table. A total of 14 yearseasons averaging about 50 pens, generally equally divided between Durocs and Yorkshires, were represented. Select lines usually had one or two more test pens than the control lines of both breeds in each year-season. About 65% of the pens included here were from the spring season. In fall of 1979 and in spring of 1983, crossbred pigs were produced. This study included only data from purebred pigs tested in spring of 1974 through spring of 1982, and in fall of 1974 through fall of 1978.
Selection Practices. Selection of replacement boars and gilts for the breeding herd in the fall season was intended to be based mainly on an index of pig performance traits. The selection index consisted of three traits, ADG, ABF and longissimus muscle area (LMA, cm 2) at the last rib at 90.7 kg, measured from polaroid photos of ultrasonic scans. The index was as follows: Index = 25 + 143 ADG (kg/d) -47 ABF (cm) + 2.6 LMA (cm2). Secondary consideration in selection was given to feet and leg soundness, underlines and reproductive anatomy in both boars and gilts. Feed conversion efficiency was not considered in selection. Achieved selection differentials among fall-tested pigs were considerably below differentials expected on the Selection among spring-tested pigs was based mainly on an index of sow productivity traits, including pre-weaning litter sizes and weight (Bereskin, 1984) , with no conscious attention given to pig performance traits 9 Secondary consideration was given to feet and leg soundness, underlines and reproductive anatomy, the same as for the fall pigs.
Standardized selection differentials were computed for sires and dams of all pigs with data in this study. Presented in table 2 are summaries of the differentials for ADG, ABF and LMA, the traits comprising the selection index for the fall-tested pigs. Shown are unweighted standardized selection differentials for selected boars and gilts of each breed tested in the spring and fall of 1974 and which were parents of the litters farrowed in the spring and fall of 1975. Separate select and control lines were established in 1975. Also in table 2 are average standardized selection differentials for sires and dams of the four lines farrowed in the spring seasons of 1976 through 1982, and for sires and dams of the four lines farrowed in the fall seasons of 1976 through 1978. In addition, expected differentials are shown for sires and dams based on the percentage of tested boars and gilts saved for the breeding herd under single-trait truncation selection (Becker, 1975) . It is obvious that very little or no consistent selection pressure was exerted on any of the performance traits in selecting sires and dams for the breeding herd. As a result, it appears reasonable to assume that no sizable or consistent bias affected the results, including those for FCE, presented here from either the springor fall-tested pigs.
Statistical Methods. Estimates of heritability and genetic and phenotypic correlations were computed, as appropriate, with the 703 pen (litter) means, or with the 1,869 individual records, by nested analyses of variance (SAS, 1979) . The assumed model with the 703 pen means included the effects of year-season, breed-line within year-season, sire within breedline and pen within sire. The assumed model with the individual records differed only by including pen within sire and pig within pen in place of pen within sire.
Heritabilities (h 2) were estimated as t/rGG, where rGG is the genetic relationship among parental half-sib families and t is the intraclass Under zero inbreeding in a population of paternal half-sib families, 1/rGG = 4 and h 2 = 4t. However, under inbreeding (F), with average F of parents in this data set = .05, 1/rGG = 4/(1 + F) = 4/(1.05) = 3.81. However, 3.8 was used in place of 3.81 in the computations, so that h 2 = 3.8t. Also, o 3 = 3.8a~ and the genetic covariance of traits i and j, cov Gij = 3.8 coy Sij , where coy Sij represents the sire component of covariance. The phenotypic covariance, coy Pij, was computed as coy Sij + COY Wij, with coy Wij defined similarly to o~ for pen means and for individual records.
The genetic correlation of traits i and j, rGij, was estimated as coy Sii/(o'~i o~j) 1/2. The phenotypic correlation, rPii, was estimated as coy Pii/(o~. o2pi) 1/2, with a K = as i2 + aw i2 and o.vj-2 _-Os i-2 +-O~vj ,2-" ana" @i and O~v j as defined previously. Heritability estimates for ADG and ABF, along with genetic and phenotypic correlations between them, were computed from the analysis of individual records. Heritability estimates for ADF and FeE, along with genetic and phenotypic correlations between them and between either ADF or FeE with ADG and ABF were computed from the analysis of the litter mean records. Standard errors of heritability estimates were computed according to Swiger et al. (1964) . Standard errors of genetic correlations were computed according to Robertson (1959) .
Results and Discussion
Parameter Estimates. In the nested analysis of variance and covariance of the 703 pen means, sire within breed-line had 319 df and an average of 1.88 pens per sire, with 336 df for pen within sire. In the analysis of the 1,869 individual records, sire within breed-line averaged 4.97 pigs per sire, with approximately 2.64 pigs per pen and 1,165 df for pig within pen. (Lamberson and Johnson, 1984) .
The only other published heritability estimates of ADF with ad libitum feeding were by Biswas et al. (1966) and McPhee et al. (1979) . Biswas et al. (1966) individually fed 186 barrows and boars from a variable starting age of 56 to 128 d to 95 kg, reporting an h 2 for ADF of .42 -+ .27. McPhee et al. (1979) individually fed some 1,700 boars from 25 to 80 kg, reporting an h 2 for ADF of .62 +-.38. Both estimates were based on paternal half-sib components of variance.
Published estimates of h 2 for FeE of pigs fed ad libitum include the following: Dickerson (1947) analyzed records for some 750 pigs fed in littermate groups from 56, 60 or 70 d of age to 102 kg, and reported an h 2 for FCE of .54 based on paternal half-sib components of variance. Dickerson and Grimes (1947) with individually full-fed pigs from 72 d of age to 102 kg reported an h 2 for FCE of .23 + .08, computed as the regression of offspring means on sires with 62 df. Biswas et al. (1966) reported an h 2 of .30 -+ .23. Bernard and Fahmy (1970) fed some 700 pens of four littermates from 23 to 90 kg, reporting an h 2 of .16 + .18 based on sire components of variance with 113 df for sires. Lasley (1977) tested over 6,000 gilts in litter groups from 23 to 90 or 100 kg, reporting an h 2 of .27 based on offspring-dam regressions and sire components of variance for 118 sires. Jungst et al. (1981) tested 642 boars, individually self-fed from 65 d of age to 100 kg, reporting an h 2 of .12 + .17 based on sire components of variance.
Realized heritability estimates for FeE from selection studies included .24 by Dickerson and Grimes (1947) , .11 -+ .13 by Bernard and Fahmy (1970) and .09 + .08 by Jungst et al. blndiv. = analysis of individual records; Means = analysis of pen means. Ce~ = estimate of additive genetic variance; a{V = Open/sir e2 9 in analysis of pen means; e~ = Open/sir e2 + e~ig/pen in analysis of individual records; a~ = phenotypic variance = e~ + o{v;t --intraclass correlation of halfsib families = o~/a~.
(1981). Also, Webb and King (1983) tested some 1,600 pigs fed ad libitum in littermate groups from 27 to 82 kg over a period of 6 generations, reporting a realized h 2 for FCE of .007 + .088, based on direct selection on pen average FCE.
In the present study, h 2 estimates for ADG and ABF were computed with the individual records. Previously published estimates of h 2 for ADG include .31 by Dickerson (1947) ; .22 + .07 by Dickerson and Grimes (1947) ; .77 + .37 by Biswas et al. (1966) ; .29 + .06 by Edwards and Omtvedt (1971) ; .30 by Lasley (1977) and .36 by McPhee et al. (1979) . Previous reports on h z for ABF include .42 by Hetzer and Harvey (1967) ; .30 + .07 by Edwards and Omtvedt (1971) ; .45 by Lasley (1977) ; .47 + .52 by McPhee et al. (1979) and .26 + .10 by Jeffries and Peterson (1982) . Previously published estimates of genetic and phenotypic correlations between pairs of the four traits considered here were equally as variable as the estimates of heritabilities noted above.
Discussion
The large variability in the various estimates of genetic and phenotypic parameters has complicated efforts to reach a consensus on particular values to use in developing effective selection criteria for swine improvement programs in the United States. A related question is whether or not to include an actual measurement of FCE as a direct component of selection indexes used in testing programs. The extra costs and difficulty in getting reliable feed consumption records have been the main problem prompting these concerns about FCE.
In the recent past, and currently, the National Swine Improvement Federation (NSIF; Hubbard, 1981) has recommended selection indexes for central swine testing stations that include an actual measure of FCE as a component, along with ADG and ABF. For on-the-farm testing, NSIF recommends that FCE be included indirectly in the index, by means of its genetic covariances with the traits in the index, rather than directly as a component of the index. An h 2 of .35 for FCE is used by NSIF in computing its recommended selection indexes. This value would appear to be excessively high in view of the low estimate of .061 from the present study and low realized h 2 values (.007, .09 and .11) from selection studies referenced above.
The low h 2 of .098 for ADG from the present study contrasts sharply with the moderately higher values (.22 and up) previously reported and generally assumed in the industry. For example, NSIF uses .30 in computing indexes for central testing stations. On the other hand, an h 2 of .423 for ABF from the present study is well within the range of published values. An h 2 of .50 is used by NSIF in its indexes. Bereskin and Steele (1986) , in a review of research on the efficiency of feed utilization in swine, proposed new composite parameter values (table 6) for use in computing selection indexes for swine improvement programs in the United States. They then compared estimated gross dollar returns from applying one standard deviation of selection on either ADG, ABF or FCE alone or on indexes I1 of ADG and ABF, 12 of ADG, ABF and FCE, or 13 of ADG and ABF, with FCE included indirectly by estimated genetic covariances of FCE with ADG and ABF. Assumed relative economic values were $22.50/kg increase in ADG,--$6.30/cm increase in ABF and -18.00/unit increase in FCE (feed/gain).
Index 13 produced the largest expected composite returns of $1.50 followed closely by I2 at $1.46 (97% of I3) and by I1 at $1.44 (96% of I3). Estimated composite returns from single trait selection were $.67 (45% of 13) for ADG, $1.14 (76% of I3) for ABF and $1.04 (69% of I3) for FCE. All three indexes produced similar expected composite dollar returns. Neither I3 nor I1 required the direct measurement of feed consumption by the test animals, an expensive process requiring extra labor to check and aFrom Bereskin and Steele (1986) . Heritabilities are on diagonal; genetic correlations are above and phenotypic correlation are below diagonal.
bsee table 3 for definitions of traits.
adjust self feeders and collect and account for feed wastage on a regular basis, thereby increasing the cost of testing, often by a significant amount. In addition, if feed wastage is not controlled and properly accounted for, the affected boars on test may be credited with biased performance indexes. Use of an index such as I3 could reduce the cost of testing, simplify testing programs, more closely relate central station tests to on-thefarm tests and achieve at least as much overall genetic improvement in economic traits, ADG, ABF and FCE as by use of an index such as I2 that requires a direct measure of feed consumption and FCE for the test group. Index I3 in United States measurement, as recommended by Bereskin and Steele (1986) is 13 = 100 + 97 (Pig ADG --ADG) -152 (Pig ABF --ABF), where ADG is measured in Ibs/d, ABF is measured in inches and tenths of inches and ADG and ABF are the respective mean performance values of contemporary test groups.
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